The chemical oxygen demand (COD) removal mechanism and reaction kinetics were mainly studied in the treatment of oilfield oily sewage containing polymer by three-dimensional electrode reactor.
INTRODUCTION
Injecting polymer is the key to efficient exploitation technology for oil fields. Adding demulsifiers, water clarifiers and other various chemicals makes the composition of oily sewage containing polymer complex in the process of oilwater separation and sewage treatment (Chen et al. a, b, ; Jiang & Fang ; Yin et al. ; Xiao et al. ) . After oil-water separation effluent sewage should be treated and the key control indicator of COD cr is no more than 50 mg·L
À1
. An environmental protection sewage treatment technology of efficient advanced oxidation has been rapidly developed in recent years, especially the three-dimensional electrode reactor. It shows several advantages in the treatment of complex sewage (Chen ; Qi et al. ; Chen et al. a, b; Yang et al. ) . However, the chemical oxygen demand (COD) removal mechanism has not been reported, especially the active oxides detection. Dimensional electrode reactor which is an advanced electro-catalytic oxidation technology with high efficiency, easy operation and environmental friendly features can decompose various pollutants in sewage by direct oxidation and indirect oxidation (Körbahti & filling with activated carbon or other particles between the main electrodes to improve the efficiency of absorption and mass transfer (Drogui et al. ; Mao et al. ; Wang et al. ) . Filled particles contacting with the electrodes or charged by the electric field form many micro cells. The larger surface provides more reactive active bits, so the current efficiency and the treatment effect of the three-dimensional electrode is higher and better than the two-dimensional electrode. PFR (plug flow reactor) fixed bed electrochemical reactor was firstly applied in the deep treatment of COD in oil field sewage, and the COD removal reaction kinetics (Lin et al. ; Ertugay & Acar ) in oily sewage containing polymer from a macro perspective could be researched in the study.
EXPERIMENTAL
Experimental instruments and chemicals DR1010 COD tester (HACH COMPANY, USA) and HACH-COD preformed tube agent (15-150 mg·L spectrophotometer (Shimadzu), ZD-3A automatic potentiometric tester, CH-II mini continuous sewage treatment equipment, Homemade PFR electrochemical reactor. Water quality analysis method was in accordance with 'wastewater discharge standards ' (GB8978-2002) in this study.
The main quality indicators of water samples
Experimental water sample was taken from biochemical pool import water samples in the oil field sewage treatment process, and the concentration of Cl À was up to O 3 and residual chlorine were detected by colorimetric determination: since the solubility of O 3 in water was limited and O 3 was unstable, the concentration of ozone was measured using the N,N-diethyl-p-phenylene diamine (DPD) reagent. The principle is as follows: DPD -potassium iodide method, that is to say, ozone reacts with DPD into red, the depth of color is proportional to the concentration of ozone in the water in the catalytic effect of potassium iodide. DPD reagent tablet containing disintegrating agents can be quickly dissolved. The products with a dedicated colorimetric tube is highly sensitive to ozone, the precision of it is to 0.05 mg·L À1 , configuring DPD method is corresponding to the colorimetric levels of the solution. Colorimetric card is made by precise color separation. A class of oxidative active species containing chlorine is collectively referred to residual chlorine, which is characterized by strong oxidation in water and is very instability. Experiments used DPD residual chlorine test tube in accordance with the national standard GB/T5750-2006. The principle is DPD rapidly reacts with free residual chlorine in water into red. Take 1 mL water sample into the test tube, shake it, and after the reaction for 2-3 min, compare with the standard colorimetric board to determine the concentration of residual chlorine, and the concentration of residual chlorine is proportional to the color depth of the solution.
Experiment process
Plexiglas three-dimensional electrode reactor (260 × 250 × 256 mm) was designed with dual electrodes, shown in ). The water flowing state of it was similar to that of PFR reactor. The three-dimensional electrode reactor consisted of rod activated carbons (after pretreatment of saturated adsorption) and a certain amount of insulative particles of quartz sand and glass beads which were filled between positive and negative electrode plates. The insulative particles improved the contact state of the particles with each other, and more particles were isolated from each other to reduce effectively the short-circuit current between particles corresponding to increasing the Faraday current so that the efficiency of the reaction was improved.
The principle of COD removal
The degradation of organic pollutants in the process of electrochemical treatment of sewage divides direct and indirect oxidization. Indirect oxidization refers to making use of active groups with strong oxidation in the anode reaction, such as H 2 O 2 , •OH, O·, O 3 , etc. It will generate hypochlorous acid (HClO), hypochlorous acid (ClO À ) and other products in wastewater of high concentration of Cl À .
These active substances, which have the characteristics of short life and strong oxidation, can effectively oxidize and decompose pollutants to achieve the purpose of removal of pollutants. If these active oxides can be detected in the system, it indicates the existence of indirect oxidation. In different sewage systems, these oxidizing active groups exist as a very small amount, whether active oxides are generated in the process of sewage treatment by electrolysis or the concentration affects the electrolytic sewage treatment. 
RESULTS AND DISCUSSION
The detected results and analysis of residual active oxides during the reaction
The detected results of active oxides at different times are shown in Figures 2 and 3 , when the experiment reached steady state. Because of the poor stability of •OH, the solution showed significant pale pink and then gradually disappeared in detection of •OH. The results indicated that the amount of •OH was little in electrolysis water samples, and •OH disappeared because of oxidizing pollutants in the sewage. As it can be seen from Figures 2 and 3, there were residual active oxides such as H 2 O 2 , O 3 , residual chlorine and so on in the sewage. The concentration of these rose in different degrees with the increasing of reaction time.
•OH is the most strong oxidizing oxygen radicals, the oxidative potential of it is up to 2.80 V, and it is significantly higher than O 3 (2.07 V), H 2 O 2 (1.77 V) and residual chlorine (1.5 V).
•OH can react with the vast majority of organic contaminants in sewage, and it can make these contaminants decompose into small biodegradable molecules until CO 2 and H 2 O. Because the amount of active oxides was shown by detected residual amount, it was difficult to judge which kind of active oxides had greater importance in indirect oxidation. The detected results showed that there existed indirect oxidation in the degradation of COD in sewage, and it was the result of synergistic effect of these active oxides.
The removal effect of COD COD value changes of water samples with different processing time were studied to research the kinetics of COD removal through a continuous flow experiment at steady flow state in the process of sewage electrochemical treatment and, according to the results, kinetic equation of COD degradation could be established.
The optimum conditions of electrochemical treatment of oily sewage containing poly by three-dimensional electrode were according to early optimized experiments (Yang et al. ): 40-60 mm of plate distance, 4 L of effective treated water, 6/25 (cm 2 ·L À1 ) of surface/volume ratio, and 6A of the regulated voltage output current. A stable pump was used to input oily sewage containing polymer, and a water sample was taken at different times at the outlet of the reactor to analyze the COD value. The COD value changes of sewage at different treated time are shown in Figure 4 . It can be seen from Figure 4 that COD removal rate from the initial three-dimensional electrode electrochemical treatment was up to 55% within 15 min, indicating that the rapid degradation of PAM and small molecule organics led to rapid decrease of COD. The COD value declined slowly after processing time of 20 min, and the efficiency of COD removal decreased. COD removal rate was 35.8% from 15 to 35 min. The COD removal rate improved with the processing time. COD value could be reduced to 50 mg·L À1 or less to reach emission standard when the electrochemical reaction proceeded to 45 min. It was reported that bio-activated sludge method and sanding filter method (Wang et al. ; Chen et al. ) can both remove COD, however, these methods need a long treatment time, and quite high site requirements. In this study, the deep treatment of the sewage was limited by the venue, time and space, so a simple and fast and efficient method, electrochemical method, was used to remove residual COD, and only by extending the appropriate reaction time could achieve the target, so obviously, bio-activated sludge method and so on was not suitable.
Changes of t-C COD in the reaction system
As to the three-dimensional electrode reactor in certain experimental operating conditions and steady-state flow, the COD degradation rate was related to specific surface area of a three-dimensional electrode as the reaction conditions of experiment 3.2, and its macroscopic kinetic equation could be expressed as:
wherein a was specific surface area of a three-dimensional electrode, α was apparent reaction order, k was the reaction rate constant, and c was COD concentration of sewage. Through continuous flow experiments by the type CH-II mini continuous sewage treatment equipment, variations of the data about COD value of the water sample at different processing times was established, and then kinetics of COD degradation was analyzed.
Establishment of reaction kinetic model
COD degradation could be considered as an irreversible reaction, thus the impact of the reverse reaction could be ignored. The t-C COD variation parameter could be obtained from the experimental results. Based on the linear relationship, trial and error method was used to assume the order of reaction α value, plot, then the order of reaction in the system was determined in turn. Provided that, in the process of sewage electrochemical treatment COD degradation kinetics were, respectively, zero-order kinetics, one-order kinetics, two-order kinetics and three-order kinetics, which α was corresponding to 0, 1, 2 and 3, and made fitting linear for c-t, -lnc -t , 1/c-t and 1/c 2 -t relationship according to experimental data processing results of Table 2 . Table 3 shows different orders of reaction kinetic equations. From the experimental data fitting results in Table 3 , the correlation coefficient of the apparent second-order kinetic equation was optimal. Good linear relationship can be seen in Figure 5 , so the COD decomposed reaction was consistent with second-order reaction kinetics model.
The reaction rate constant was k ¼ 3:58 × 10 À4 , and the kinetic equation was:
As can be seen from the above reaction model, the small reaction rate constant of the system was internal causes of slow rate of COD degradation, and affecting factors of COD rapid degradation had great relationship with the specific surface area of a three-dimensional electrode filler. Increasing the filling specific surface area of the threedimensional electrode could improve the reaction rate effectively, which was favorable to the rapid degradation of pollutants. The degradation rate became slow with the decline of COD concentration when the reaction was carried out to a later period, and extending electrochemical processing time had no obvious enhancement effect on the COD removal rate.
Application of kinetic equations
Experimental results and theoretical calculated results from kinetic equation are compared in Table 4 . It shows that to achieve a certain effect, the actual processing time was basically the same as the theoretical required processing time, and it indicated that the fitting kinetic equations was consistent with the actual COD degradation process; according to the kinetic equations, to reach the goal the COD was no more than 50 mg·L À1 in treated sewage, the theory minimum processing time was 45.73 min.
Analysis of organic pollutants in sewage before and after treatment
The components and contents of organics in the extracted sewage before and after electrochemical treatment were analyzed by gas chromatography-mass spectrometry (GC-MS). The analytical results are shown in Tables 5 and 6 . It can be seen from Table 5 that the contents of 10 aromatic organics such as naphthalene, phenanthrene, thiophene, biphenyl, furan, flexor, pyrene, fluorene triaryl steroidal and other (C27-29) organics in sewage were significantly reduced by electrochemical treatment, and the total concentration was decreased from 126.0 μg·L À1 to C27-29) organics were detected in the electrochemically treated sewage, and it showed the best efficiency. The aromatic hydrocarbon with the lowest removal efficiency was biphenyl organics, and the removal rate was 84.35%. Therefore, the electrochemical advanced treatment technology could significantly reduce the types and contents of aromatic organic pollutants in sewage. It can be seen from Table 6 that the content and type of straight chain organics in the sewage were significantly increased after electrochemical treatment, the total concentration of straight chain organics increased from 4.52 μg·L À1 to 20.04 μg·L À1 , and the number of straight chain organics increased by 9 from C14-C30 to C14-C39. A large amount of active free radicals might be produced during the electrochemical treatment process, resulting in the degradation of aromatic organics in the sewage. The content of generated straight chain hydrocarbons or molecular fragments increased with the decrease in the types and content of aromatic organics in the aqueous solution. The concentration and types of straight chain organics in aqueous solution increased markedly, and it showed an opposite trend with the decrease in the types and content of aromatic pollutants in Table 6 . 
CONCLUSIONS

